Inner Magnetospheric ULF Waves: The Occurrence and Distribution of Broadband and Discrete Wave Activity by Murphy, K. R. et al.
Northumbria Research Link
Citation:  Murphy,  K.  R.,  Inglis,  A.  R.,  Sibeck,  D.  G.,  Watt,  Clare  and  Rae,  I.  J.  (2020)  Inner 
Magnetospheric  ULF Waves:  The  Occurrence  and  Distribution  of  Broadband and  Discrete  Wave 
Activity. Journal of Geophysical Research: Space Physics, 125 (9). e2020JA027887. ISSN 2169-9380 
Published by: American Geophysical Union
URL: https://doi.org/10.1029/2020JA027887 <https://doi.org/10.1029/2020JA027887>
This  version  was  downloaded  from  Northumbria  Research  Link: 
http://nrl.northumbria.ac.uk/id/eprint/45862/
Northumbria University has developed Northumbria Research Link (NRL) to enable users to access 
the University’s research output. Copyright © and moral rights for items on NRL are retained by the 
individual author(s) and/or other copyright owners.  Single copies of full items can be reproduced, 
displayed or performed, and given to third parties in any format or medium for personal research or 
study, educational, or not-for-profit purposes without prior permission or charge, provided the authors, 
title and full bibliographic details are given, as well as a hyperlink and/or URL to the original metadata 
page. The content must not be changed in any way. Full items must not be sold commercially in any  
format or medium without formal permission of the copyright holder.  The full policy is available online: 
http://nrl.northumbria.ac.uk/pol  i cies.html  
This  document  may differ  from the  final,  published version of  the research  and has been made 
available online in accordance with publisher policies. To read and/or cite from the published version 
of the research, please visit the publisher’s website (a subscription may be required.)
                        

Inner Magnetospheric ULF Waves: The Occurrence and
Distribution of Broadband and Discrete Wave Activity
K. R. Murphy1,2 , A. R. Inglis2,3, D. G. Sibeck2 , C. E. J. Watt4 , and I. J. Rae5
1Department of Astronomy, University of Maryland, College Park, MD, USA, 2NASA Goddard Space Flight Centre,
Greenbelt, MD, USA, 3Department of Physics, Catholic University of America, Washington, DC, USA, 4Department of
Meteorology, University of Reading, Reading, UK, 5Department of Space and Climate Physics, Mullard Space Science
Laboratory, University College London, London, UK
Abstract Ultralow frequency (ULF) waves are electromagnetic pulsations observed throughout
the magnetosphere driven by processes both external and internal to the magnetosphere. Within the
magnetosphere, discrete and broadband ULF wave activity can couple to the local plasma via coherent or
stochastic wave-particle interactions. These wave-particle interactions can lead to dynamic changes in
local plasma including rapid acceleration and transport of radiation belt electrons. Using observations
from GOES-15 and the Automated Flare Inference of Oscillations algorithm we investigate the distribution
and occurrence of broadband and discrete ULF waves to help understand the relative importance of
coherent and stochastic wave-particle interactions. We find that intervals of discrete ULF waves are more
commonly identified during slow and low-density solar wind and when Bz is near zero. Broadband waves
are more commonly identified during periods of active solar wind, including periods of high solar wind
speeds and large density perturbations, and large negative Bz. We also find that under all solar wind
conditions the number of intervals of broadband ULF wave power exceeds that of discrete wave power; for
example, ULF wave activity is more likely to be broadband. These results suggest that radial diffusion due
to incoherent broadband waves is an important driver of wave-particle interactions, especially during
active solar wind conditions. However, the presence of discrete waves during both active and quiet solar
wind conditions suggests that these waves and the corresponding wave-particle interactions cannot be
ignored, especially since discrete wave-particle interactions tend to be more efficient than radial diffusion.
1. Introduction
Electromagnetic waves and pulsations are fundamental features of the solar wind (e.g., Belcher & Davis,
1971; Smith et al., 1995; Tsurutani et al., 1994), magnetosphere (e.g., Jacobs et al., 1964; Menk, 2011),
ionosphere (e.g., Hughes, 1974; Menk & Waters, 2013), and more broadly the solar system as a whole
(e.g., Inglis et al., 2015; Kivelson, 2006). Of particular interest within the Earth's magnetosphere are ultralow
frequency (ULF) wave pulsations in the Pc3–5 range (10–600 s, Jacobs et al., 1964); these waves are an
important mechanism by which energy transfer can occur between the solar wind and the magnetosphere.
Numerous physical mechanisms give rise to ULF wave structures in the Earth's magnetosphere, including
Kelvin-Helmholtz instabilities (KHIs) (e.g., Mills & Wright, 1999; Southwood, 1968), pressure pulses in the
solar wind (e.g., Kepko et al., 2002; Takahashi & Ukhorskiy, 2007), ion cyclotron waves in the foreshock
(e.g., Eastwood et al., 2005; Hartinger et al., 2013), magnetospheric substorms (e.g., Olson, 1999; Rae & Watt,
2016; Volwerk, 2016), and unstable plasma distributions (e.g., Ozeke & Mann, 2001; Southwood et al., 1969).
ULF waves can also couple to various plasma populations in the Earth's magnetosphere including the outer
radiation belt and ring current, driving loss, energization, and transport of energetic electrons and ions (e.g.,
Horne & Thorne, 1998; Schulz & Lanzerotti, 1974; Thorne, 2010).
The coupling of ULF waves with energetic particles occurs as a result of wave-particle interactions whereby
a ULF wave couples to the azimuthal drift motion of a charged particle resulting in the breaking of the third
adiabatic invariant. This can occur via a resonant (e.g., Claudepierre et al., 2013) or diffusive (e.g., Schulz
& Lanzerotti, 1974) process. In the resonant interaction, a monochromatic or discrete ULF wave with the
appropriate mode structure and spectral characteristics can exchange energy with ions or electrons of a spe-
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Yeoman & Wright, 2001) mechanisms. In the diffusive interaction, a superposition of ULF waves, character-
istic of broadband wave power, interacts stochastically with the local plasma via the drift resonance. The net
result of this diffusive interaction, referred to as ULF radial diffusion, depends on the local phase space den-
sity gradient of the plasma and the varying spectral characteristics of the broadband ULF wave power such
as amplitude and wave number (e.g., Fei et al., 2006; Olifer et al., 2019; Ozeke et al., 2014). A positive-phase
space density gradient leads to a net inward transport and acceleration of plasma, and a negative-phase space
density gradient leads to a net outward transport and de-energization of plasma. Since ULF radial diffusion
is a stochastic process the overall wave-particle interaction is thought to be less efficient than discrete ULF
wave resonances (e.g., Degeling et al., 2008; Elkington et al., 2003).
ULF waves were first reported in conjunction with a large geomagnetic storm and auroral activity observed
between 28 August and 7 September 1859 (Stewart, 1861). Since then an extensive body of observational
and theoretical work has been established regarding the generation, spectral, spatial, and temporal char-
acteristics of these waves (see the reviews by Elkington, 2006; Menk, 2011; Plaschke, 2016; Rae & Watt,
2016; Takahashi, 2016; Volwerk, 2016). For example it has been demonstrated that ULF wave power is
enhanced during elevated solar wind conditions (e.g., Anderson, 1994; Bentley et al., 2019; Murphy et al.,
2011; Pahud et al., 2009; Rae et al., 2012; Takahashi & Ukhorskiy, 2007) and enhanced geomagnetic activity
(e.g., Brautigam et al., 2005; Hartinger et al., 2015; Ozeke et al., 2014). These intervals of elevated ULF
wave power can manifest as localized field line resonances (FLRs) (e.g., Mann et al., 2002; Rae et al., 2005),
broadband-driven FLRs that can exhibit multiple harmonics at a fixed location or a spectrum of reso-
nances throughout the magnetosphere (e.g., Hasegawa et al., 1983; Takahashi & McPherron, 1982, 1984;
Wharton et al., 2019), as well as enhanced broadband wave power (e.g., Murphy et al., 2011; Sarris, 2014). It
has also been demonstrated, in both case and statistical studies, that these periods of enhanced ULF wave
power are strongly related to the dynamics of energetic electrons in the outer radiation belt (e.g., Mann
et al., 2013; Mathie & Mann, 2001; Murphy et al., 2020; O'Brien et al., 2001; Olifer et al., 2019). However, the
conditions that preferentially give rise to either discrete or broadband ULF wave power within the Earth's
magnetosphere have not been comprehensively investigated. This includes whether there are preferential
locations for increased discrete or broadband wave activity; whether these locations change during quiet
(e.g., slow/low-density solar wind and Bz near 0) and active (e.g., high-speed solar wind and large nega-
tive Bz) solar wind intervals; and whether there are differences in the mode structure and period of discrete
ULF waves at different magnetospheric locations. Understanding the occurrence and characteristics of both
broadband and discrete ULF waves in the Earth's magnetosphere is fundamental to understanding and accu-
rately quantifying ULF wave-particle interactions and determining whether the process is predominantly
mediated by radial diffusion or discrete resonance (e.g., Murphy et al., 2018).
This work systematically surveys GOES magnetometer data, adopting the novel Automated Flare Inference
of Oscillations (AFINO) technique (e.g., Inglis et al., 2015, 2016) to identify intervals of either discrete or
broadband ULF wave activity. Using results from AFINO we explore the dependence of discrete and broad-
band ULF wave activity on magnetic local time (MLT) and the physical properties of the solar wind. In this
manuscript section 2 describes the data and methodology used to identify discrete and broadband ULF wave
activity. Section 3 presents the results, comparing the occurrence of discrete and broadband ULF waves, and
investigates the period of discrete ULF waves as a function of MLT, wave mode, and the local magnetic field
and IMF strength. Section 4 discusses the results from section 3 and provides a brief conclusion. In general
we find that discrete ULF wave activity can account for as much as one third of all activity (discrete and
broadband) and is most likely to occur during quiet solar wind conditions when the solar wind speed and
density is low and IMF BZ is near zero. Conversely, broadband wave activity peaks during active solar wind
conditions where the solar wind velocity is high, when there are large perturbations in the solar wind density,
and when the IMF BZ is increasingly negative. These results suggest that both discrete and diffusive
wave-particle interactions can be important in radiation belt dynamics under varying solar wind activity.
2. Data Selection and Analysis Methods
2.1. GOES Magnetometer Data
The Geostationary Operational Environment Satellite (GOES) series of East and West spacecraft have pro-
vided high-fidelity observations of the Earth's magnetic field at geosynchronous orbit for over three decades.
The more recent GOES N, O, and P series spacecraft (GOES-NOP for short) are equipped with two flux-gate
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magnetometers, an inboard and an outboard, which measure the magnetic field in three perpendicular
components at a constant cadence of 0.512 s (e.g., Singer et al., 1996). This provides an extensive data set
at 6.6 RE with which to characterize Earth's magnetic field. In this study, we analyze 4 years of continuous
GOES-NOP series magnetic field observations from the GOES-15 outboard magnetometer, during a portion
of the Van Allen Probes era (2013–2016) (Mauk et al., 2013) to characterize the occurrence of discrete and
broadband ULF pulsations of the Earth's magnetic field.
Both GOES-15 magnetometers provide measurements of three perpendicular components of the in situ
magnetic field, denoted HE, HP, and HN . In this coordinate system, HE lies parallel to the satellite-Earth
line, pointing earthward, and hence lies close to the equatorial plane. HP is aligned with spacecraft orbit
normal, closely aligned with Earth's spin axis, while HN is perpendicular to HE and HP pointing eastward.
In this study we use the outboard magnetometer with AFINO, while the inboard magnetometer is used
in conjunction with the outboard magnetometer to help identify periods of poor data quality. We focus on
observations from GOES-15, corresponding to GOES West (until December 2018 when GOES-17 took over),
which lies closest to the Earth's magnetic equator such that in the EPN coordinate system, compressional
waves are primarily observed in the HP component, poloidal waves in the HE component, and toroidal wave
modes are associated with the HN component. In a statistical study the EPN coordinate system has the
benefit that it is fixed and always well defined. Conversely, in a statistical study, it is difficult to produce a
well-defined and robust field-aligned coordinate system as impulsive and large-amplitude field changes will
ruin any field-aligned coordinate transformation; this is especially true on the nightside. In addition, the
GOES onboard heater introduces a step change in the magnetometer time series every time it is turned on or
off (see section 2.3). When this occurs the quality of data is degraded, and the data are discarded. These step
changes are observed frequently in the GOES HN magnetic field component and lead to over half of the HN
data being discarded from the study. In the HP and HE magnetic field components these step changes are
smaller and lead to less than 5% of intervals being discarded (see the supporting information for additional
details). Because of these step-like changes any field-aligned coordinate transform will result in a significant
increase in discarded data by rotating the discontinuity produced by the heaters into all three magnetic field
components, as opposed to a single magnetic field component. Hence for the purpose of this study we have
chosen to utilize the fixed and well-defined GOES EPN coordinate system. Finally, it is important to note
that the relation between the EPN coordinate system and compressional, poloidal, and toroidal waves is
specific to spacecraft whose orbits are close to the equatorial plane.
In addition to GOES magnetometer data, near-Earth solar wind measurements from the OMNIWeb database
are used to study the relation between the solar wind and discrete and broadband ULF wave pulsations. Here
we utilize the 1 min high-resolution OMNI data set providing measurements of the solar wind composed
of multiple physical parameters including speed, density, and magnetic field. These data are taken from
measurements made by multiple spacecraft including ACE (Stone et al., 1998) and WIND (Lepping et al.,
1995), both of which are in a near-L1 orbit. These data sets are amalgamated and time shifted to correspond
to the solar wind properties at the estimated position of the bow shock nose, providing a single, continuous
data set (King & Papitashvili, 2005).
2.2. The AFINO Code
To investigate the occurrence of discrete and broadband ULF wave power in the inner magnetosphere we
utilize the AFINO code (Inglis et al., 2015, 2016). AFINO was developed as a tool to systematically identify
quasiperiodic pulsations in a large number of solar flares. It was one of a suite of techniques blind tested by
Broomhall et al. (2019), who investigated the performance of different oscillation detection methods on con-
trolled, simulated data sets. Broomhall et al. (2019) found that AFINO was a robust method for identifying
quasiperiodic pulsations and characterizing the dominant frequency of the pulsations with a particularly
low rate of false positives. The AFINO code was developed so that it could be straightforwardly adapted to
operate on a variety of temporal series, including magnetospheric data. This was recently demonstrated by
Murphy et al. (2018), who used AFINO to identify and characterize the frequency, amplitude, and azimuthal
wave number of discrete ULF waves during a geomagnetic storm observed by the Magnetospheric Multiscale
Mission. In this study we utilize AFINO as it systematically characterizes a time series as either broadband
or discrete based on a goodness of fit to modeled broadband and discrete spectra with a low rate of false pos-
itives (Broomhall et al., 2019). This provides a robust and quantifiable definition of the type of ULF wave
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allowing for the statistical study of the occurrence of both broadband and discrete ULF wave power within
the magnetosphere.
For a given time series, AFINO operates by examining the Fourier power spectrum of the series. Using a
data-model comparison, AFINO determines the best representation of the time series' power spectra. In this
way AFINO can separate intervals of broadband power from intervals where a frequency enhancement or
discrete wave was present. The AFINO method is described in detail by Inglis et al. (2015, 2016), as well as by
Murphy et al. (2018). Therefore, in this work, we limit ourselves to summarizing the key steps in algorithm
as follows:
1. Normalize the input time series by subtracting and then dividing by the time series average and apply a
Hanning window. The normalization is for convenience only, while the Hanning window mitigates the
effects of finite-duration time series on the calculation of the Fourier power spectrum.
2. Calculate the Fourier power spectrum defined here as P = abs(FFT (Gts))2, where P is the power, FFT is
the fast Fourier transform, and Gts is the GOES time series.
3. Fit a suite of spectral models to the Fourier power spectrum using a maximum likelihood estimation
method. Here we consider three models: a single power law (S0), a power law with an additional localized
enhancement (S1), and a broken power law (S2) (Equations 3–5).
4. Use the Bayesian information criterion (BIC) (Schwarz, 1978) to determine which of the models is the
best representation of the data. The BIC is given by
BIC = −2 ln(L) + k ln(n) (1)
where L is the maximum likelihood, k is the number of free parameters, and n is the number of data
points in the analyzed power spectrum. The k ln(n) term effectively penalizes a model with additional
free parameters, therefore testing whether additional complexity is justified.
5. Verify the fit quality of each model using the 𝜒2-like statistic for exponentially distributed data (Nita







(1 − 𝜌𝑗)2 (2)
which can be used to find the probability p of the data given the chosen model (see Nita et al., 2014,
Appendix A). Models with outlying values of p (<0.05) are not considered appropriate representations
of the data.
6. The best model is identified by calculating ΔBICij = BICi −BICj for all combinations of models i and
j. For a model to be considered over the others we require that it be strongly preferred by minimizing
the BIC meeting the criteria that ΔBICij > 10 when compared to all other models (see, e.g., Burnham &
Anderson, 2004; Raftery, 1995). It must also satisfy the conditions on the probability p described above.
In this work, we utilize the test models described by Inglis et al. (2015, 2016). The simplest model S0 repre-
sents broadband power, which naturally arises in bursty time series (Cenko et al., 2010; Gruber et al., 2011;
Huppenkothen et al., 2019; Huppenkothen et al., 2013; Ireland et al., 2015; Rae et al., 2012; Vaughan, 2005).
The second model S1 is equivalent to model S0 plus an extra term corresponding to a Gaussian enhancement
in log-frequency space. This model component is designed to represent a discrete wave signature, that is, an
oscillation in a localized frequency range (e.g., Murphy et al., 2011). Model S2 is an alternative broadband
wave power hypothesis similar to model S0, but with a spectral break, which can be observed in magnetic
fluctuations separating various plasma scales (e.g., ions and electrons) (e.g., Chen et al., 2014). The poten-
tial for a spectral break allows broad features in the Fourier spectrum to be captured without resorting to an
oscillation model. Formally, these three models may be written as
S0( 𝑓 ) = A0𝑓−𝛼0 + C0 (3)
S1(𝑓 ) = A1𝑓−𝛼1 + B exp
(






A2𝑓−𝛼b + C2, if 𝑓 < 𝑓break
A2𝑓−𝛼b−𝛼a𝑓−𝛼a + C2, if 𝑓 > 𝑓break
(5)
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for frequencies f , where Ax and B are amplitudes, 𝛼x are power law indices, Cx are constants, and f p and 𝜎
represent the location in frequency of a Gaussian peak and its width, respectively. Based on the steps outlined
above, AFINO can analyze a time series—in this case the magnetic field data measured by GOES—and
classify the time series as either a broadband or discrete time series depending on which model is strongly
preferred.
2.3. Methodology
Throughout 2013–2016, AFINO is applied to each magnetic field component measured by GOES-15 in over-
lapping 1 hr intervals stepped every 20 min; this gives a total of 70 intervals each day for each component.
Each interval is then characterized as either a broadband S0 or S2 or discrete wave S1 signal. The overlap-
ping windows ensure that localized times of discrete wave activity are not overlooked due to edge effects.
An interval is defined as discrete when model S1 is strongly preferred; if model S1 is not strongly preferred
but either model S0 or S2 satisfies the condition p> 0.05, the interval is classified as broadband, otherwise
the interval is classified as a poor fit (pi < 0.05) and discarded from the study. Each interval is also associated
with the predominant hourly solar wind conditions. Finally, intervals of discrete wave power are assigned
to one of the compressional, poloidal, or toroidal wave modes based on which of the HP, HE, and HN com-
ponents is dominant during that interval; that is, which has the largest overall amplitude. Note that for the
purpose of this study, if a wave is observed in multiple components, the nondominant components are char-
acterized as broadband power. This allows the dominant mode of each discrete wave to be identified and
also avoids double or triple counting of a discrete wave when it is observed in two or three of the magnetic
field components.
Figure 1 shows three examples of the AFINO analysis applied to GOES-15 HE data. The original signals are
shown in the left column, while the fits to models S0 (single power law), S1 (discrete wave signature), and S2
(broken power law) are shown in the subsequent three columns. These examples show the different types of
results obtained by AFINO. In the first example a broken power law is sufficient to describe the magnetome-
ter data, and there is no evidence of discrete power. The second example shows the opposite, where model
S1 is strongly preferred over the others, showing the presence of a discrete wave with a characteristic period
of ∼135 s. Finally, the third example shows a more complex scenario; although the discrete power model S1
is strongly preferred over the others, it does not fully describe the magnetometer data. This is illustrated by
the p value for this model, which is less than 0.05, indicating a poor overall fit to the PSD. Examination of
the PSD shows that this is due to the presence of multiple discrete frequencies in the magnetic field data.
The S1 model is unable to model all of these frequencies simultaneously, and the low p value for models S0
and S2 results in this interval being discarded from the study. An investigation of 1,000 random discarded
time series demonstrates that few events are discarded from our study as result of multiple frequency peaks
leading to poor fits; hence, even when multiple frequencies exist, AFINO is still able to identify a discrete
peak and classify the interval as discrete. Though multiple frequencies can be common in ULF wave obser-
vations (e.g., Takahashi & Denton, 2007), this study focuses on the investigation of the relative occurrence
of discrete and broadband intervals; thus, the occurrence of multiple frequencies does not affect the results
nor the discussion and conclusions presented sections 3 and 4.
It is important to note that although the GOES-15 magnetometer data have a temporal resolution of 0.512 s,
at times, the data can include high-frequency artifacts as a result of changes in the onboard heater sys-
tem. When turned on or off the heaters cause small discontinuities in the time series of a few nanotesla.
Though small, these discontinuities create harmonics within the Fourier spectra, which may be misidenti-
fied as intervals of discrete wave power. When comparing the time series from both the outboard and inboard
GOES-15 magnetometers these discontinuities tend to be out of phase such that the correlation between
two magnetometers tends to be small. Using a simple correlation threshold we are able to remove inter-
vals containing a discontinuity arising from the heaters being turned on and off. In this study any interval
with a correlation below 0.8 between the outboard and inboard magnetometers is removed from the overall
analysis. Further, when the heater are on they generate identifiable harmonics or frequencies in the Fourier
spectrum, typically limited to frequencies >1 Hz. For this reason, although the full-resolution data are used
throughout this study, only frequencies <100 mHz are considered in the Fourier domain, with higher fre-
quencies ignored. This allows for detection and characterization of discrete wave power with periods of 10 s
or longer, sufficient for Pc3–5 ULF waves.
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Figure 1. Examples of the AFINO code operating on GOES-15 magnetometer data. For each row (a–c), Column i shows the HE component of the magnetic
field as a function of time for a 1 hr interval. Columns i–iv show the best fits of the models S0, S1, and S2 to the Fourier power of the series. (a) One hour
interval from 21 September 2013, showing no evidence of discrete power—the broken power law model S2 is preferred (a, iv). (b) An interval from 24
September 2013, showing a discrete wave detected by AFINO with a period of 135 s (b, iii). (c) An interval from 13 October 2013, showing a complex interval
where none of the three models fully represent the data.
3. Results
In the following subsections we investigate the distribution of discrete and broadband intervals of ULF wave
power as a function of magnetic field component, ULF wave band, and MLT; the relative occurrence of
discrete and broadband waves as a function of MLT and solar wind activity; and the period of discrete ULF
waves as a function of solar wind IMF and the local magnetic field.
3.1. Distribution of Discrete and Broadband ULF Wave Intervals
Figure 2 shows the polar histogram of discrete (gray) and broadband (blue) ULF wave intervals as a func-
tion of MLT and magnetic field component. The radial axis in each plot shows the number of counts in
each MLT bin. Here, each 1 hr interval of discrete wave power is assigned to the compressional, poloidal,
Figure 2. Polar histograms showing the occurrence of discrete and broadband ULF intervals as a function of MLT. The radial axis shows the number of counts
in each MLT bin as a function of magnetic field component (top) and wave band (bottom). From left to right are the distributions of (a) compressional, (b)
poloidal, and (c) toroidal magnetic field components; discrete and broadband intervals are shown by the gray and blue histograms, respectively.
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Figure 3. Polar histograms showing the occurrence of discrete waves in the Pc3, Pc4, and Pc5 wave bands for (a) compressional (gray), (b) poloidal (orange),
and (c) toroidal (blue) wave modes.
or toroidal wave modes as described in section 2.3. The supporting information contains additional details
on the distribution of intervals analyzed by the AFINO algorithm not presented here. This includes the full
distribution of events discrete, broadband, or discarded, for each of the three magnetic field components.
These distributions are further broken down into their constituent parts; for example, broadband intervals
are broken into whether S0 or S2 is preferred, and discarded intervals are broken into bad data or poor fits
(Figures S1–S3). A brief description of Figures S1–S3 is provided in Text S4.
As can be seen in Figure 2 the occurrence of broadband ULF wave power is higher than that of discrete
ULF wave power in nearly all MLT sectors. The exception to this is the occurrence of discrete poloidal mode
ULF wave power in the postdawn and prenoon sectors (05–12 MLT), which exceeds that of broadband wave
power. Also evident in Figure 2 is that the occurrence of broadband ULF wave power peaks on the nightside
(18–06 MLT) for all components, characteristic of substorm activity.
With regard to the occurrence of discrete ULF wave intervals the most apparent results from Figure 2a are
a clear enhancement in the compressional component of discrete ULF waves throughout the dayside and
peaking in the noon sector 08–13 MLT. In the poloidal component (Figure 2b), discrete ULF waves peak on
the dawn flank between 06 and 11 MLT and again in the dusk sector between 16 and 21 MLT. The occurrence
of discrete toroidal waves (Figure 2c) peaks in the postmidnight sector between 03 and 06 MLT, although the
statistics are much lower for this mode. Potential generation mechanisms are discussed in detail in section 4.
Figure 3 shows the polar histograms of discrete waves as a function of MLT, wave mode, and ULF wave band.
The radial axis indicates the number of events in each MLT bin. Here each interval of discrete wave power
is divided into the appropriate ULF wave band (Jacobs et al., 1964) according to the dominant frequency
of the wave identified by AFINO. As can be seen in Figure 3a discrete poloidal Pc3 waves (10–45 s) peak in
the morning to early afternoon sector (05–12 MLT), compressional around noon (08–14 MLT), and toroidal
waves in the postmidnight sector. Discrete Pc4 waves (45–150 s) (Figure 3b) are most prevalent in the poloidal
component peaking on the dawn and dusk flanks, with compressional and toroidal waves occurring around
noon and midnight, respectively. Discrete Pc5 waves (150–1,000 s) (Figure 3c) are most prominent on the
nightside in all three magnetic field components. Also evident in Figure 3 is that significantly more discrete
Pc3 and Pc4 waves are identified by AFINO then Pc5 waves. This may be a feature of the structure of FLRs
in the magnetosphere combined with the implementation of the AFINO algorithm, which we elaborate in
section 4.
3.2. Relative Occurrence of Discrete and Broadband ULF Wave Intervals
This section investigates the relative occurrence of broadband and discrete ULF wave intervals at geosyn-
chronous orbit as a function of solar wind driving. Figure 4 shows the MLT distribution of discrete and
broadband ULF wave intervals as well as the ratio of discrete to broadband occurrence as function of solar
wind speed for each of the three magnetic field components. We investigate the occurrence of discrete and
broadband wave power as a function of vsw as several studies have shown that ULF wave amplitudes increase
MURPHY ET AL. 7 of 18
Journal of Geophysical Research: Space Physics 10.1029/2020JA027887
Figure 4. Dependence of the ratio between discrete and discrete plus broadband events, Rdis, on the solar wind velocity vsw. (Column i) Polar histogram of the
number of ULF discrete intervals identified by AFINO as a function of MLT (azimuth) and solar wind velocity (radial—km/s), for (a) compressional-dominant,
(b) poloidal-dominant, and (c) toroidal-dominant intervals. (Column ii) Histogram of the number of broadband ULF wave intervals as a function of MLT and
solar wind velocity. (Column iii) The ratio of the distribution of discrete to broadband ULF wave intervals as a function of solar wind speed (x axis) and MLT
sector (color). In Column iii the four MLT sectors are dawn (03–09 MLT, yellow), noon (09–15 MLT, red), dusk (15–21 MLT, blue), and midnight (21–03 MLT,
purple).
with increasing vsw (e.g., Bentley et al., 2019; Mathie & Mann, 2001). Due to poor statistics we have not
included the relative occurrence of broadband and discrete ULF wave intervals as a function of geomagnetic
activity (e.g., Dst).
The first column of Figure 4 shows polar histograms of the number of discrete ULF wave intervals as a
function of MLT and solar wind speed vsw (radial axis). Similar to Figure 2, Figure 4a, i shows that the
occurrence of discrete compressional ULF wave intervals peaks around noon. Discrete poloidal ULF wave
intervals (Figure 4b, i) peak on the dawn and dusk flanks and toroidal ULF wave intervals (Figure 4c, i) in the
postmidnight sector for moderate solar wind speeds between 300 and 500 km/s. Column ii shows the same
polar histograms as Column i but for broadband intervals. In each of the three components broadband ULF
wave intervals peak in the duskside and nightside magnetosphere for moderate to high solar wind speeds
between 300 and 550 km/s.
Figure 4, iii illustrates the key feature of interest in this study, how the relative occurrence between dis-
crete and broadband ULF wave intervals as characterized by AFINO varies as a function of MLT and
solar wind speed vsw. The ratio of discrete to the total number of events Rdis is defined as the number
of discrete intervals (S1) for a given solar wind and MLT bin Ndis(vsw,MLT), divided by the total num-
ber of intervals NT (discrete and broadband, S0 + S1 + S2) in the same solar wind and MLT bin given by
NT(vsw,MLT) = Ndis(vsw,MLT) + Nbdb(vsw,MLT), and Nbdb(vsw,MLT) is the sum of S0 and S2 intervals for a
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Figure 5. Ratio between the occurrence of discrete and broadband ULF wave intervals Rdis as a function of (i) solar density 𝜌, (ii) variation in solar wind
density 𝜎𝜌, (iii) IMF Bz, and (iv) IMF cone angle. Each column is in the same format as Figure 4, iii and shows the variation in Rdis as a function of MLT (color)
and magnetic field component (a–c). The variation in solar wind density 𝜎𝜌 is calculated for each hourly interval by differencing the solar wind density time
series and calculating the standard deviation of the resulting time series. In this way, hourly intervals where solar wind density rapidly varies will have a large
𝜎𝜌. The IMF cone angle is defined as cos−1(Bx∕B).
given solar wind and MLT bin such that Rbdb = 1−Rdis. Here, we separate ULF observations into four MLT
sectors: dawn (03–09 MLT), noon (09–15 MLT), dusk (15–21 MLT), and midnight (21–03 MLT), to investigate
the ratio of discrete to broadband wave events as a function of vsw and MLT sector.
For the compressional and poloidal components, there is a decrease in Rdis as vsw increases in the dawn,
noon, and dusk sectors. In the midnight sector Rdis decreases with increasing vsw in the compressional com-
ponent and slightly increases with increasing vsw in the poloidal component. In the toroidal magnetic field
component Rdis shows no clear trend and tends to be quite variable in in the noon and dawn sectors and
relatively flat in the dusk and midnight sectors. In the remainder of this section we explore how the ratio of
discrete and broadband ULF wave intervals varies with MLT sector as a function of solar wind density and
the variation in solar wind density 𝜎𝜌, IMF Bz, and IMF cone angle.
Figure 5, i–iv shows the variation in Rdis the ratio of discrete to both discrete and broadband intervals as
function of solar wind density 𝜌 (proton number density), the variation in solar wind density 𝜎𝜌, IMF Bz,
and IMF cone angle in the same format as Figure 4, iii. The occurrence of discrete and broadband ULF wave
power is studied with respect to these parameters as they have been shown to be linked to the generation
(e.g., Bier et al., 2014; Hartinger et al., 2013) and amplitude (e.g., Bentley et al., 2019) of ULF waves in the
magnetosphere. The trend in Rdis as a function of solar wind density 𝜌 is mixed. For the compressional
component (Figure 5a, i), there is evidence of a decrease in Rdis for increasing 𝜌 in the noon sector, whereas in
the dusk, dawn, and midnight sectors, Rdis remains relatively flat. For the poloidal and toroidal components
(Figures 5b, i and 5c, i), Rdis decreases as density increases up to 𝜌 = 15. At very high density values 𝜌 > 15,
there is evidence of an increase in discrete ULF wave events, particularly on the dawn flank. Apparent in
Figure 5, ii is a decrease in Rdis during periods of high 𝜎𝜌 in all three magnetic field components in both the
noon and morning sectors, although this effect is less pronounced for compressional mode ULF waves. In
the dusk and midnight sectors there is no clear trend in Rdis as a function of 𝜎𝜌.
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Figure 6. Two-dimensional (i) polar histograms and (ii) probability distributions of discrete ULF wave periods (radial
axis) as a function of MLT (azimuthal axis) and magnetic field component (a–c). The probability distribution (ii) shows
the probability of observing a specific period at a given MLT such that each shell (or radial bin) adds to 1. The dotted
circles at 45 and 150 s mark the separation between the Pc3 and Pc4 wave bands and the Pc4 and Pc5 wave bands,
respectively.
Figure 5, iii shows that relative to IMF Bz Rdis in each of the field components is largest when Bz is close
to zero, or slightly positive and falls with increasingly positive or negative Bz in each MLT sector. Figure 5,
iv shows the dependence of Rdis on the IMF cone angle, defined as cos−1(Bx∕B) such that when the IMF is
directed on the Sun-Earth line, the cone angle is zero. For all three components, there is a dip in Rdis at 90◦ in
the noon and dusk sectors, such that discrete ULF waves are less common when the IMF is predominantly
in the x direction or perpendicular to the Sun-Earth line in the y-z plane. In the dusk and midnight sectors
Rdis is generally constant as a function of cone angle.
3.3. Distribution of ULF Wave Periods
Figure 6 shows the two-dimensional statistical distributions of discrete ULF waves identified by AFINO as a
function of wave period, MLT, and magnetic field component. The period for each interval of discrete wave
power is determined from the model parameter f p in model S1 (section 2.2). The polar histograms in Figure 6,
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Figure 7. The probability distribution of discrete (a, b) compressional and (c, d) poloidal ULF wave periods as a function of IMF strength (a, c) and the strength
of the local magnetic field observed at GOES (b, d). Columns i–iii separate the dawn, noon, and dusk MLT sectors. The white lines in each panel show the
median wave period in a given IMF or local magnetic field bin. The midnight sector and toroidal waves have not been included as there is no clear relation
between the observed IMF or local magnetic field strength with the period of the wave.
i and ii show the distribution and probability distribution of discrete ULF waves as a function of log period
(radial axis, 101 to 103 s, 10–1,000 s) and MLT (azimuthal axis). As previously noted in section 3.1, discrete
compressional and poloidal ULF wave intervals are more likely to occur in the morning and noon MLT
sectors. This pattern of discrete wave activity is also apparent in Figure 6, i and ii; both the compressional
and poloidal components show a preference for discrete Pc3–4 ULF wave activity (10–150 s) in the dawn
and noon sectors. Discrete toroidal ULF wave intervals are confined to the postmidnight sector with periods
less than 100 s, corresponding to the Pi2 band (40–150 s), a band of impulsive ULF waves associated with
nightside and geomagnetic storm activity (Jacobs et al., 1964).
The probability distributions in Figure 6, ii show the probability of observing a discrete wave period as a
function of MLT such that each azimuthal shell adds to 1. These distributions show the most likely MLT
to observe a given period and are convenient when comparing to other studies that have shown that ULF
wave generation mechanisms and wave types are generally localized in MLT as discussed in the next section.
Evident in Figure 6, ii is that longer period ULF waves, >100 s, tend to be most frequently observed in the
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dusk and premidnight sectors in each of the three magnetic field components. Compressional waves also
show a preference for longer period waves around noon and poloidal waves in the dawn and prenoon sectors
(>100 s). Shorter period waves, 10–100 s, are observed most frequently in the compressional component in
the noon sector, in the poloidal component in the dawn and prenoon sectors, and in the toroidal component
in the postmidnight sector.
The relationship between the dominant ULF wave period and the strength of the IMF and local magnetic
field is also important as it provides insight as to whether discrete waves were generated in the solar wind
or locally in the magnetosphere. For example, waves generated in the solar wind have periods inversely
proportional to the strength of the IMF (e.g., Takahashi et al., 1984; Troitskaia & Bol'Shakova, 1988), whereas
waves generated within the magnetosphere have periods inversely proportional to the local magnetic field
strength, assuming a constant magnetospheric density (e.g., Anderson, 1994).
Figure 7 illustrates the relationship between the magnitude of the IMF as well as the local magnetic field
strength at GOES 15 and the observed periods of discrete ULF waves identified by AFINO as a function of
magnetic field component and MLT sector. Here we concentrate on the compressional and poloidal com-
ponents and the dawn, noon, and dusk sectors. Each panel in Figure 7 shows the probability distribution of
observing a given period as a function of the x axis (IMF or local magnetic field strength BGEO). The white
lines show the median wave period in a given bin. In the dawn and noon MLT sectors (Figure 7, i and ii)
there is a clear preference for shorter period ULF waves during times of strong IMF (Figures 7a and 7c) in
both the compressional and poloidal magnetic field components. However, in the dusk sector, the relation-
ship between period and IMF is unclear or absent (Figures 7a, iii and 7c, iii). Compressional mode ULF wave
periods also vary inversely with the local magnetic field strength; this is true for each of the dawn, noon, and
dusk sectors (Figure 7a, i–iii). A similar inverse relation between period and local magnetic field strength is
observed in poloidal waves in the noon sector (Figure 7d, ii). Neither the discrete toroidal waves nor waves
occurring in the midnight MLT sector show any relation between period and the magnitude of IMF or local
magnetic field strength; hence, they have not been shown.
In the next section we discuss the implications of our observations for inner magnetospheric dynamics and
as well as the generation of discrete ULF wave power in the inner magnetosphere.
4. Discussion and Conclusions
We have applied the previously developed AFINO code to systematically characterize the ULF wave power
spectra observed by the geosynchronous GOES spacecraft and determined the occurrence and relation of
intervals of discrete and broadband power to upstream solar wind and local magnetic field conditions. All
three components of the local magnetic field were analyzed to create a database of 1 hr intervals of discrete
and broadband ULF wave power nominally separated into compressional, poloidal, and toroidal-dominant
power based on the GOES EPN coordinate system. In summary, our analysis shows that the occurrence
of discrete wave power peaks in the compressional component around noon, in the poloidal component
on the dawn and dusk flanks, and in the toroidal component postmidnight. Relative to ULF wave band,
discrete Pc3 (10–45 s) waves peak around noon, postdawn, and predawn in the compressional, poloidal,
and toroidal components, respectively. Discrete Pc4 (45–150 s) waves peak in the noon sector, on the dawn
and dusk flanks, and postmidnight in the compressional, poloidal, and toroidal components, respectively.
Discrete Pc5 (150–1,000 s) waves peak on the nightside in all three magnetic field components and again
around noon in the compressional and poloidal magnetic field component; there are also fewer discrete Pc5
wave events than Pc3 or Pc4. Finally, intervals of broadband ULF wave power peak on the nightside and are
more abundant than discrete ULF wave activity in each of the three magnetic field components and all MLT
sectors with the exception of discrete poloidal waves between 05 and 12 MLT.
Comparing the occurrence and distribution of discrete compressional, poloidal, and toroidal wave power in
the Pc3–5 wave bands identified by AFINO with previous studies of ULF waves in the inner magnetosphere
provides a simple way with which to validate the systematic approach to characterize ULF waves employed
here. Overall there is excellent agreement between the results presented here and previous studies. Statisti-
cally the occurrence of compressional Pc3–4 waves peaks in the late morning and dayside magnetosphere
(e.g., Dai et al., 2015; Heilig et al., 2007) and is likely driven by the direct propagation of ion foreshock waves
and subsequent coupling of these waves to local FLRs (e.g., Eastwood et al., 2005; Hartinger et al., 2013;
Heilig et al., 2007). This is consistent with the occurrence of compressional Pc3–4 waves shown in Figures 2
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and 6 as well as the direct relation between the IMF and period of compressional waves shown in Figure 7,
which suggests that the generation of the waves identified by AFINO is external to the magnetosphere as
opposed to internal. The peak in discrete Pc4 waves near noon in the poloidal magnetic field and on the
dusk flank in the compressional magnetic field is consistent with the generation of ULF waves via unstable
ring current ion distributions (e.g., Baddeley et al., 2004; Ozeke & Mann, 2001; Shi et al., 2018; Southwood
& Hughes, 1983). This is further supported by Figure 7, which shows a direct relation between the period of
compressional ULF waves and the local magnetic field strength in the dusk and noon sectors suggesting the
waves are internally generated (e.g., Ozeke & Mann, 2001) as opposed to externally generated. The noon peak
in the occurrence of discrete Pc4 and Pc5 waves is consistent with the direct driving of ULF wave oscillations
via buffeting of the magnetosphere by solar wind density (e.g., Kepko & Viall, 2019; Kepko et al., 2002) and
density variations (e.g., Takahashi & Ukhorskiy, 2007). It is important to note that though these waves need
not be confined to the dawnside, they may be easier to identify on the dawn flank where they generally have
larger amplitudes as compared to those observed on the dusk flank (Sibeck, 1990, and references therein).
On the nightside there is strong evidence for discrete toroidal wave activity across the Pc3–5 wave bands. In
the magnetotail, the magnetic field at geosynchronous orbit can be extremely stretched such that the GOES
magnetic field is unlikely to represent, or indeed measure, neatly separated compressional, poloidal, and
toroidal components of ULF waves. Hence we make no comment on the wave mode structure. Nevertheless,
there is a peak in the occurrence of discrete Pc3–5 wave power on the nightside. This peak is consistent with
impulsive but large-amplitude Pi1–2 (1–150 s) ULF waves (Jacobs et al., 1964) associated with substorms,
the formation of the substorm current wedge, injections, dipolarizations, and tail reconnection (e.g., Keiling
& Takahashi, 2011; Kepko et al., 2001; Lester et al., 1983; Murphy et al., 2011, 2013; Olson, 1999; Rae & Watt,
2016; Volwerk, 2016).
Of note in the results shown in Figures 2 and 6 is that there is no clear evidence for an enhancement in dis-
crete Pc5 waves on the dawn and dusk flanks as would be expected with ULF waves externally driven by the
KHI (Wright & Mann, 2006). Pc5 waves are confined to the noon and premidnight sector in the compres-
sional and poloidal components and the premidnight sector in the toroidal components (Figure 6). These
waves are consistent with waves driven by solar wind compressions (e.g., Kepko et al., 2002; Murphy et al.,
2015) and density variations (e.g., Takahashi & Ukhorskiy, 2007), unstable ion distributions (e.g., Ozeke &
Mann, 2001), and impulsive but discrete waves associated with substorms (e.g., Keiling & Takahashi, 2011;
Rae & Watt, 2016; Volwerk, 2016), respectively, and as described above. The lack in longer period discrete
Pc5 waves on the dawn and dusk flanks may be the result of an identification bias in the AFINO analysis,
a high occurrence of discrete Pc5 wave activity on the nightside, a result of the structure of field-aligned
resonances on the flanks, or a combination of all three. The implementation of AFINO here characterizes
a single discrete frequency based on model S1. Because model S1 is fit in log-frequency space, maximizing
the likelihood L is generally easier when fitting a bump at higher frequencies as there are more frequen-
cies for the fit. Hence, in its current implementation, AFINO only identifies a single wave, and when two
waves are present, the algorithm is more likely to identify the wave at higher frequency (or shorter period).
In addition, the fundamental mode of toroidal FLRs has a node in magnetic field perturbation at the mag-
netic equator (e.g., Takahashi et al., 2015). These fundamental modes are generally associated with longer
period ULF waves in the Pc5 wave band (cf. Takahashi et al., 2015). Thus the field-aligned structure and
GOES-15's close proximity to the magnetic equator will make it difficult to observe toroidal mode Pc5 oscil-
lations. Together this in part explains the abundance of poloidal mode Pc3 and Pc4 waves and lack of toroidal
mode Pc5 waves. With regard to the occurrence of Pc5 wave, intervals of discrete wave activity peak on the
nightside and may mask Pc5 wave activity on the dawn and dusk flanks. Figure 3c, iii does show some evi-
dence of this as the ratio of discrete to broadband toroidal ULF wave intervals increases as vsw increases as
would be expected with KHI-driven waves (Mann & Wright, 1999). Despite this, the overall agreement of
the distribution of discrete waves identified with AFINO and the generation mechanism inferred from the
relation of the period to the IMF and local magnetic field strength with previous studies demonstrates the
utility and robustness of AFINO for identifying discrete waves within the magnetosphere.
Comparing the occurrence ratio of discrete to broadband ULF wave power Rdis with solar wind activity,
we find that in general, as solar wind activity increases, the relative occurrence of broadband wave activity
also increases. With respect to solar wind velocity and density, there is an increase in broadband ULF wave
intervals throughout the magnetosphere as vsw, density 𝜌 and 𝜎𝜌 increase. There are however two exceptions
to this: (1) As solar wind velocity vsw increases, the relative occurrence of discrete toroidal ULF waves in
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the dawn and dusk sectors increases, and (2) during intervals of very high solar wind density 𝜌 (>15), the
relative occurrence in discrete ULF waves power increases throughout the dayside magnetosphere and in
each of the compressional, poloidal, and toroidal magnetic field components. This increase in discrete wave
activity is likely the direct driving of ULF waves by solar density variations and the coupling of the KHI
instability to localized FLRs as vsw increases, as discussed above.
With respect to the IMF there is an overall decrease in Rdis resulting from an increase in broadband and
decrease in discrete waves as Bz becomes increasingly positive/negative and for cone angles around 90◦.
Enhanced negative Bz (and consequently cone angles near 90◦) will lead to an increase in magnetopause
reconnection (Lockwood et al., 1989), geomagnetic activity (e.g., O'Brien et al., 2002), and ULF wave power
(Bentley et al., 2019; Murphy et al., 2015). Such is the case for geomagnetic storms that are associated with
strong intervals of southward IMF (Kataoka & Miyoshi, 2006; Murphy et al., 2018). At lower cone angles,
the relative occurrence of discrete wave intervals increases. Taking into account the distribution of Pc3–4
waves discussed above this increase is consistent with the generation of discrete waves by a cyclotron reso-
nance of ions in the foreshock region (e.g., Hartinger et al., 2013). Overall, as solar wind activity increases,
there is a general increase in broadband ULF wave activity throughout the magnetosphere. This may be
the result of increased geomagnetic activity and several ULF wave generation mechanisms existing at the
same time resulting in an increase in broadband wave power. This increase in broadband ULF wave activ-
ity has important implications for wave-particle interactions and the dynamics of the radiation belt during
enhanced solar wind and geomagnetic activity.
Both the discrete and broadband intervals of ULF power identified by AFINO play a fundamental role in the
dynamics of the magnetosphere. Intervals of discrete ULF wave power interact coherently with electrons via
the drift (e.g., Elkington et al., 1999, 2003) and drift-bounce (e.g., Ozeke & Mann, 2008; Yeoman & Wright,
2001) resonances. Conversely, intervals of broadband wave power interact stochastically via ULF wave
radial diffusion (e.g., Ozeke et al., 2013) with electrons again through the drift and drift-bounce resonances.
In either the coherent or stochastic interaction the strength of the wave-particle interaction is dependent
on the amplitude of the wave, though in general, the coherent interaction is stronger than the stochastic
(e.g., Degeling et al., 2008; Elkington et al., 2003). Further, the ULF wave period, azimuthal wave number,
and in the case of drift-bounce resonance, the field-aligned harmonic mode determines the energy of the
electron with which the waves interact. For a fixed electron energy satisfying the drift and drift-bounce res-
onance higher azimuthal wave numbers and/or field-aligned harmonic modes requires a higher-frequency
ULF wave (shorter periods). Considering a spectra of possible azimuthal wave numbers and field-aligned
harmonics observed in the magnetosphere, ULF waves through the Pc3–5 wave bands can interact with
electrons from hundreds of keV to multiple MeV (e.g., Murphy et al., 2018; Ozeke & Mann, 2008).
Quantifying the occurrence of broadband and discrete ULF waves in the Earth's magnetosphere is funda-
mental to accurately characterizing ULF wave-particle interactions. This is especially true during geomag-
netic storms where the interaction between radiation belt electrons and the ULF waves is assumed to be
the result of radial diffusion. The results presented here help to characterize this interaction and validate
the use of radial diffusion during geomagnetic storms. The relative occurrence of discrete to broadband
ULF wave power decreases during periods of high-speed solar wind vsw, enhanced density 𝜌, and increas-
ingly positive or negative Bz associated with geomagnetic storms (Kataoka & Miyoshi, 2006; Miyoshi et al.,
2013), enhanced ULF wave activity (Bentley et al., 2019; Mathie & Mann, 2001; Murphy et al., 2015; Pahud
et al., 2009; Rae et al., 2012; Takahashi & Ukhorskiy, 2007), and radiation belt dynamics (Kilpua et al., 2015;
Mathie & Mann, 2000; Murphy et al., 2018). An increase in broadband ULF wave activity during increased
solar wind activity and driving effectively leads to an enhancement in ULF-driven radial diffusion. Dur-
ing less active solar wind conditions the relative occurrence of discrete to broadband wave power tends to
increase; however, the occurrence of broadband wave power almost always exceeds that of discrete wave
power (Rdis < 0.5; Figures 2 and 4). Overall the results presented here indicate that discrete ULF oscillations
can account for up to one third of all ULF wave activity at geosynchronous orbit, across a variety of solar
wind conditions. While broadband wave power tends to dominate, discrete ULF oscillations still account
for a large portion of ULF wave activity and are therefore likely to have an important influence on elec-
trons in the outer radiation belt as wave-particle interactions with discrete ULF modes can be much more
efficient than with broadband modes (e.g., Degeling et al., 2008; Elkington et al., 2003). It is important to
emphasize that the results presented here are limited to geosynchronous orbit and the occurrence of discrete
and broadband ULF wave intervals. Future work could expand on the results presented here to investigate
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both the radial and MLT dependence of discrete and broadband ULF wave power as well as the variation
in discrete and broadband wave power as function solar wind driving. Such an investigation would help to
determine if the results here can be extended to lower L shells in the heart of the outer radiation belt. With
regard to ULF wave modeling, a useful next step would be to model the discrete ULF (e.g., Claudepierre
et al., 2008, 2009, 2010; Hartinger et al., 2014) and broadband ULF (e.g., Claudepierre et al., 2010; Ellington
et al., 2016; Elsden & Wright, 2018) wave activity in the magnetosphere separately. The wave power and
characteristics of the discrete ULF modes can then be used to investigate the strength of wave-particle
interactions using accurate models of the ULF waves (e.g., Degeling et al., 2011; Komar et al., 2017) and
quantitatively compared to radial diffusion simulations (e.g., Ozeke et al., 2013). Only once the strength of
the discrete wave-particle interactions has been quantified will it be clear whether the effects of discrete
ULF modes should be included in outer radiation belt diffusion models. However, the results presented here
indicate that separate quantification and analysis of discrete ULF modes is now required; this is consistent
with other studies that have demonstrated that diffusive processes may not be an accurate representation
of the wave-particle interactions for other wave modes and that nonlinear effects may be important in, for
instance, the interaction of chorus (Foster et al., 2017) and electromagnetic ion cyclotron (Albert & Bortnik,
2009) waves with radiation belt electrons.
Data Availability Statement
GOES and solar wind data are available online (https://www.ngdc.noaa.gov/stp/satellite/goes/ and https://
omniweb.gsfc.nasa.gov).
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